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Arrest-defective-1 protein (ARD1): tumor suppressor or
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Abstract: Arrest-defect-1 protein (ARD1), an acetyltransferase, catalyzes N—oa-acetylation in yeast. In mammalian
cells, both N-a-acetylation and e-acetylation induced by ARD1 have been reported. Emerging evidence has revealed
that ARD1 is involved in a variety of cellular functions, including proliferation, apoptosis, autophagy, and differentia-
tion and that dysregulation of ARD1 is associated with tumorigenesis and neurodegenerative disorder. This review
will discuss recent discoveries regarding variations among the different ARD1 isoforms, the associated biological
functions of ARD1, and ARD1 localization in different cells. We will also discuss the potential upstream regulators and
downstream targets of ARD1 to provide new avenues for resolving its controversial roles in cancer development.
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Introduction

Arrest-defect-1 protein (ARD1) was first identi-
fied in yeast and is responsible for the N-
terminal a-acetylation. N-a-acetylation is an en-
zymatic process in which an acetyl group is
transferred from acetyl coenzyme A to the very
N-terminal of nascent polypeptides. It neutral-
izes positive charges and thereby may affect
protein function, stability, association with other
molecules, or subsequent modifications. In eu-
karyotes, N-o-acetylation is one of the most
common modifications. Studies have shown
that around 50% of yeast proteins and 30% of
mammalian proteins are N-a-acetylated [1, 2].
Given that protein turnover mediated by a ubig-
uitin-dependent degradation system depends
on the presence of a free a-NH2 group at the N-
terminal [3, 4], it is believed that N-a-acetylation
may play a critical role in preventing proteolytic
degradation of proteins.

N-o-acetylation can occur on the first Met or the
newly exposed residue when the Met is cleaved.

Although the most frequently acetylated resi-
dues are Ser, Ala, and Met, other residues may
also be substrates for this type of modification
[5]. Based on substrate specificity and subunit
composition, N-acetyltransferases (Nats) are
classified into three major groups, NatA, NatB,
and NatC. Proteins with Ser, Ala, Gly, or Thr ter-
mini are NatA substrates, while proteins with
Met-Glu, Met-Asp, Met-Asn, or Met-Met are NatB
substrates, and proteins with Met-lle, Met-Leu,
Met-Trp, or Met-Phe are NatC substrates [1, 6].
Nevertheless, researchers have not excluded
the possibility of a new Nat being identified,
especially for proteins with unusual N-terminal
sequences that are not substrates for any of
these three Nats.

Current data suggest that ARD1 is the catalytic
subunit of NatA acetyltransferase. It associates
with NAT1 and NAT5 and further cross-links to
nascent polypeptides to exert its acetylation
function [7, 8]. Of great interest, ARD1 repre-
sents a novel type of enzyme with both N-
terminal o-protein and e-protein acetylation ac-
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Figure 1. Distinct localization of ARD1 in different cell types. The localization of ARD1 was determined by immunoblot-

ting (A) and immunostaining (B).

tivities in mammalian cells [9-11]. It has been
shown that mouse ARD1 acetylation of HIF-1«x
at Lys532 enhances its interaction with pVHL
and degradation of HIF-1a. In addition, ARD1
induced cyclin D1 transcription through e-
acetylation of B-catenin. On the other hand, our
group recently demonstrated that ARD1 does in
fact contribute to the a-acetylation of tuberous
sclerosis complex 2 (TSC2) [11] and that acety-
lation occurred on the first Met. It will be impor-
tant to determine whether ARD1 mediates dif-
ferent types of acetylation when acting on differ-
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ent substrates and recruiting different complex
partners.

Characterization of ARD1 isoforms

Various isoforms of ARD1 have been identified,
including mouse variants (mARD21198,
mARD1225, and mARD123%) and human variants
(hARD1131 and hARD123%). These ARD1 iso-
forms share a conserved N-acetyltransferase
domain but contain different sequences and
lengths in their C-terminal region [12], which

Am J Transl Res 2010; 2(1):56-64



ADR1, tumor suppressor or oncoprotein

contribute to differential hydrophobicity among
ARD1 isoforms. Whereas the N-terminal domain
forms a globular structure, the C-terminal region
is unstructured and flexible [13]. It has been
reported that mouse ARD1225 induces HIF-1a
acetylation and degradation, but other forms of
ARD1 have no such effect [14-17], suggesting
that the C-terminal region of ARD1 may have
important functions independent of its acetyl-
transferase activity.

Although ARD1 isoforms share a high sequence
identity, their differential regulation and subcel-
lular localization have been demonstrated previ-
ously [18]. We have observed that siRNAs used
in previous studies for hARD1235 depletion
might also target other isoforms of ARD1, for
example, hARD1131, Given the variance among
ARD1 isoforms, an isoform-specific experimen-
tal tool should be used in future studies to help
decipher the isoforms’ respective roles. In addi-
tion, caspase-dependent cleavage of ARD1 has
been previously reported in HelLa cells treated
with daunorubicin [10], but whether the trun-
cated ARD1 loses its activity or has a gain-of-
function still remains to be determined. Future
studies should focus on comparison of these
isoforms and their specific roles in different
cells.

Subcellular localization of ARD1

Growing evidence has suggested that proteins
may be associated with different biological func-
tions according to their subcellular localization.
For example, AKT induces the cytoplasmic local-
ization of p21Cipl/WAF1 through phosphoryla-
tion, thereby promoting cell growth [19]. In addi-
tion, phosphorylation by AKT and IkB kinase
(IKKB) leads to the release of forkhead box O3a
(FOX03a) from DNA and translocation of
FOXO03a into cytoplasm, thereby suppressing its
activity [20-24]. A detailed analysis of the ARD1
sequence illustrates a possible nuclear localiza-
tion signal (NLS) among amino acids 78-83
(KRSHRR), indicating that ARD1 might be im-
ported into the nucleus. Indeed, an early study
by Arnesen et al. reported that ARD1 is ex-
pressed in both the nucleus and cytoplasm in
Hela, GaMg, HEK-293, MCF-7, and NB4 cells
[10]. In agreement with these data, the nuclear
and cytoplasmic localizations of ARD1 in HEK-
293 cells were also shown by Suzuki’'s group
[25]. However, a discrepant localization of ARD1
in HelLa cells has also been reported, showing
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that the majority of ARD1 expression is in the
cytoplasm [15]. Consistent with this observa-
tion, Ren et al. identified a predominantly cyto-
plasmic localization of ARD1 in the colorectal
carcinoma cell line LoVo [26].

According to our preliminary results, both nu-
clear and cytoplasmic localizations of ARD1
were observed in SKOV-ip1 and MCF-7 cells;
however, the ARD1 expression patterns in these
two cell lines were distinct. While ARD1 was
predominantly located in the nucleus in SKOV-
ipl cells, in MCF-7 cells the majority of ARD1
was located in the cytoplasm (Figures 1A, B).
Whether the discrepancy in ARD1 localization
comes from the diversity of the cells or from the
cross-reactivity of antibodies may require fur-
ther investigation. On the other hand, Chun et
al. reported differential localization of ARD1
isoforms. Human ARD1235is distributed in both
the cytoplasm and nucleus, whereas mouse
ARD1225 and mouse ARD1235 are present in
cytoplasm and nucleus, respectively [18]. It is
conceivable that ARD1 may be associated with
different functions based on its localization, and
this would be an interesting topic for future re-
search.

Biological functions of ARD1

In yeast, ARD1 is involved in the switch control
between mitosis and alternative development
[27]. According to mutation studies, ARD1 plays
an essential role in regulating entry into the sta-
tionary phase and sporulation during nitrogen
deprivation, which is critical for survival with
limited nutrients. In addition, ARD1 is required
for a-specific gene expression and mating proc-
ess in response to pheromone a-factor [28].

In mammalian cells, controversial roles of ARD1
in cancer development have been reported
(Figure 2). For instance, Fisher et al. concluded
that ARD1 is required for cell proliferation main-
tenance [16] and depletion of ARD1 in HepG2
cells caused impaired cell division. Consistent
with these findings, Lim et al. suggested that
ARDA1 participates in the proliferation process of
lung cancer cells through activation of B-catenin
[29]. However, our group recently identified a
tumor suppression activity of ARD1 in breast
cancer, in which ARD1 reduced cell growth and
induced autophagy by inhibiting mTOR signaling
[11, please see more later]. Discrepant results
have also been shown regarding the regulation
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Figure 2. The biological functions of ARD1 in mammalian cells.

of apoptosis by ARD1. Arnesen et al. demon-
strated that knockdown of ARD1 triggers apop-
tosis [30], while Yi et al. reported an essential
role of ARD1 in DNA damage-induced caspase
activation and apoptosis in a genome-wide RNAI
screening study [31]. Thus, whether ARD1 pos-
sesses opposing functions in different cells or
under distinct conditions may require further
investigation.

In addition to participating in tumorigenesis,
ARD1 is also associated with brain development
and neurodegenerative disorders. ARD1 plays
an essential role in neuronal dendritic develop-
ment, and downregulation of ARD1 has been
observed during differentiation of neurons [32,
33]. Through interaction with amyloid B-protein
(AB), ARD1 suppresses the secretion of AR
which is the first step in the development of
Alzheimer’'s disease [25]. We also observed
increase in lipid droplets in MDA-MB-435 ARD1
stable transfectants (data not shown), which
may suggest a role for ARD1 in the differentia-
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tion of breast cancer cells [34-37]. It is interest-
ing that the human ARD1 gene is involved in
sex determination [38], which is a conserved
function of ARD1 in yeast for which mutation of
the ARD1 gene causes a defect in mating. Col-
lectively, ARD1 functions on an unknown set of
proteins and to affect diverse cellular activities
including cell growth, apoptosis, autophagy, and
differentiation. Thus, ARD1 may have pleiotropic
effects on many biological systems and under-
standing its regulation could be important for
these systems.

Upstream regulators of ARD1 signaling

Although ARD1 plays an essential role in control
of a variety of cellular functions, the upstream
stimuli responsible for ARD1 regulation in mam-
malian cells remain largely unknown (Figure 3).
Reduced ARD1 expression under hypoxic condi-
tions has been shown by Kim and Li groups [9,
16]; however, conflicting data raise questions
about the foundation of this mechanism [15,
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Figure 3. The mechanisms that regulate ARD1 protein level.

17]. Moreover, ARD1 has been reported to be
cleaved during the apoptosis process, thereby
decreasing its acetyltransferase activity [10,
18].

Our group recently identified IkB kinase B (IKKp)
as a kinase of ARD1. IKKB associates with,
phosphorylates, and induces proteasome-
mediated degradation of ARD1 [39]. Based on
previous reports, IKKa and IKKp, in addition to
forming a complex with IKKy and exerting
kinase activities, have their own substrates
when functioning individually [40, 41]. Thus, it
would be interesting to further ask whether the
whole IKK complex may be required for ARD1
regulation. Moreover, two additional oncogenic
kinases, AKT and extracellular signal-regulated
kinase (ERK), also frequently phosphorylate
common substrates and are involved in some of
the same signaling pathways as IKK. For exam-
ple, AKT, IKK, and ERK all phosphorylate
FOX03a and TSC1/2, resulting in the inactiva-
tion of these two tumor suppressors [20, 40, 42
-46]. Therefore, it raises the possibility that AKT
and ERK might also be associated with ARD1
regulation.

Since IKKB is the major kinase activated by
TNFa stimulation, an intriguing question re-
mains: whether TNFa or various inflammation
signals have any effect on ARD1 phosphoryla-
tion and biological functions? Investigating dif-
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ferent kinds of stimuli, for example, amino ac-
ids, glucose, growth factors, inflammatory cyto-
kines, and heat shock on ARD1 transcription,
translation, stability, enzyme activity, and func-
tions may advance our understanding of the
physiological importance of ARD1.

Downstream targets mediate ARD1 functions

In yeast, a defect in the response to pheromone
o-factor caused by ARD1 mutation implies an
involvement of ARD1 in the expression of a-
specific genes which are required for the mating
process [27]. In addition, ARD1 has been shown
to be essential for cell survival during nutrient
deprivation and resistance to various stimuli
like heat shock [47]. Because autophagy is a
process that maintains cell survival under vari-
ous stress conditions, our recent finding that
ARD1 increases autophagy in breast cancer cell
lines suggests that autophagy induction may be
an evolutionarily conserved function of ARD1
[11].

Early work has shown that ARD1 increases the
RNA levels of Beclin 1 [16], a mammalian auto-
phagy gene. In our recent report, we identified
ARD1 as a suppressor of the mTOR signaling
pathway [11]. Based on the understanding that
suppression of mMTOR activity is associated with
increased autophagy [48], it will be intriguing to
discover whether ARD1 induces autophagy
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through Beclin 1, mTOR, or both. Since tran-
scriptional and translational regulation by mTOR
have been reported in the literature, it is possi-
ble that ARD1 regulates the transcription of Be-
clin and mTOR controls its translation, or that
ARD1 induces RNA expression of Beclin 1
through mTOR signaling. Moreover, the identifi-
cation of other autophagy-associated genes and
proteins controlled by ARDZ1 will further our
knowledge of ARD1-mediated autophagy regula-
tion.

In addition to being a survival mechanism, auto-
phagy is also the process responsible for the
degradation of long-life proteins. Dysregulation
of autophagy has been reported to contribute to
neurodegenerative diseases, for example, Alz-
heimer’s disease [49]. It is believed that accu-
mulation of amyloid B-protein in the brain initi-
ates a critical series of events, ultimately lead-
ing to Alzheimer’s disease. The observation that
co-expression of ARD1 and NATH proteins sup-
presses amyloid B-protein secretion [25] raises
an intriguing question of whether autophagy is
involved in this regulation process.

Recent studies have shown that B-catenin is a
downstream substrate of ARD1. By inducing -
acetylation of B-catenin, ARD1 upregulates cy-
clin D1 and promotes lung cancer cell prolifera-
tion [29]. On the other hand, we recently dem-
onstrated that ARD1 induced a-acetylation of
TSC2. In our study, ARD1 suppressed breast
cancer cell growth by regulating TSC2/mTOR
signaling [11]. Additional investigation may be
needed to determine whether different types of
acetylation mediated by ARD1 explain the differ-
ential role of ARD1 in tumorigenesis.

Analysis of gene expression profiles have re-
vealed that ARD1 controls a vast array of genes
involved in multiple cellular functions, including
apoptosis, cell proliferation, metabolism, and
cell-cell interaction [16], which is reasonable
considering the extensive acetyltransferase ac-
tivity and possible substrates of ARD1. Future
challenges will be to elucidate the difference in
ARD1 associated partners and regulated pro-
teins/genes under different conditions and in
different types of cells.

ARD1: tumor suppressor or oncoprotein?

Recently, we reported that loss of heterozygosity
(LOH) occurs at the ARD1 locus on Xg28 in
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breast cancer specimens [11]. Since loss of
genomic stability is believed to be a crucial mo-
lecular step in the early stage of cancer devel-
opment, our findings may suggest that there is
a tumor suppression role of ARD1 in breast can-
cer. Supporting this notion, we also provided
evidence showing that ARD1 expression is cor-
related with a better clinical outcome in breast
cancer patients, including smaller tumor size,
fewer lymph node metastases, and longer re-
lapse-free survival. In addition, based on the
gene expression patterns of non-small cell lung
carcinoma, ARD1 gene expression was found to
be 50% lower in tumor tissues than in the adja-
cent normal tissues in five out six paired sam-
ples. Taken together, these findings support
ARD1’s role in tumor suppression.

By using immunohistochemical staining, Arne-
sen et al. found that the level of ARD1 protein is
downregulated in most thyroid neoplasm speci-
mens compared to that in non-neoplastic tis-
sues [50]. However, two research groups
showed conflicting results with a higher expres-
sion of ARD1 in tumor tissues in colorectal and
other types of cancer [26, 51]. This discrepancy
may have come from the histological specificity
of ARD1 in different tissues, making it compli-
cated to interpret the functional consequences
of ARD1 expression in mammalian cells. An-
other possible explanation for the discrepancy is
that due to the higher translation rates in ac-
tively growing cells, ARD1 is expected to be co-
operatively expressed with other genes involved
in the protein translation process and further
mediates co-translational acetylation. Thus, the
elevated level of ARD1 in cancer cells is proba-
bly a secondary effect that is caused by its ace-
tyltransferase role in the modification of newly
synthesized proteins. Alternatively, the specific-
ity and quality of antibodies used for the immu-
nohistochemical staining might also contribute
to the different outcome.

By analyzing ARD1’s amino acid sequence, it
has been suggested that ARD1 contains several
potential phosphorylation sites in the C-
terminal. We demonstrated that IKKB phos-
phorylates ARD1 at Ser209 and that phosphory-
lation by IKKB decreases the growth suppres-
sion effect of ARD1 [39]. It will be of great inter-
est to determine whether other phosphoryla-
tion/dephosphorylation events are involved in
ARD1 regulation, thereby changing ARD1’s func-
tions in cancer development.
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Conclusions and perspectives

In summary, ARD1 is an important molecule
that may play a critical role in multiple biological
systems including tumor progression. Determin-
ing the precise role of ARD1 in cancer develop-
ment and identifying ARD1’'s substrates and
upstream regulators will remain major chal-
lenges for the future studies. Further investiga-
tions will need to continue to clarify whether
ARD1 could act as a tumor suppressor or an
oncoprotein, or have a role in both capacity un-
der different cancer types or different condi-
tions.
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